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Abstract
Several hypotheses have been proposed to explain trench-parallel shear wave splitting in the mantle wedge
of subduction zones. These include 3-D flow effects, parallel melt filled cracks, and B-type olivine fabric.
We predict the distribution of B-type and other fabrics with high-resolution thermal and stress models of
subduction zones. A composite viscous rheology is used that incorporates wet diffusion creep, wet disloca-
tion creep, and a stress-limiting approximated Peierls creep law. Rheological parameters for dislocation and
diffusion creep are based on deformation experiments. The effects of variable viscous coupling between the
slab and mantle are explored using kinematic boundary conditions that change along the top of the slab. Two
end-member models are observed, which depend on the depth of partial viscous coupling between the slab
and mantle: (1) deep partial coupling which gives rise to cold, high-stress conditions in the fore-arc mantle
and high-temperature, low-stress conditions in the arc and.back-arc mantle (2) full viscous coupling at the
base of a 40 km conducting lid which is characterized by high temperature and low stress. The case with
deep partial coupling, which produces a better match with attenuation tomography and heat flow, shows a
large region with suitable conditions for B-type fabric in the fore-arc mantle, and a rapid transition toward
the back arc to conditions that are more suitable for A, C, or E type fabrics. Full viscous coupling gives rise
to high-temperature, low-stress conditions unsuitable for B-type fabric. Our modeling predicts that the best
candidates for regions with B-type fabric are the fore-arc mantle and a cold 10-15 km layer above the slab.
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Introduction
Deformation in the mantle wedge of subduction zones causes lattice preferred orientation (LPO) which in
turn affects the directional dependence of seismic wave velocity. This provides the potential to map defor-
mation fabric with seismological observations and thus gain insight into the pattern of solid-state flow. The
pattern of anisotropy in subduction zones is diverse and poorly understood but advances in mineral physics
and new seismic observations provide improved constraints. Deformation experiments have yielded new
insights into the diversity of olivine fabric [1, 2] and new studies of anisotropy are increasing our knowledge
of deformation fabric in the mantle wedge [3, 4]. Progress is also being made with seismology toward better
constraining the geometry of the slab and subducting crust and the distribution of temperature, water, and
partial melt [5, 6]. These advances can be coupled with geodynamics to form physically more realistic mod-
els of subduction zone processes. This work uses recent deformation experiments and geodynamic models
of the mantle wedge to investigate the possibility that water-induced fabric transitions play an important role
in controlling the pattern of seismic anisotropy in the mantle wedge.
Seismic anisotropy can be caused by parallel alignment of isotropic layers and cracks in the mantle and
crust, and LPO [7, 81. Studies of the distribution of anisotropy in subduction zones suggest that LPO is
the dominant cause of seismic anisotropy [7, 9, 10]. A variety of fabrics have been observed in naturally
deformed olivine aggregates from a range of tectonic settings [11-16]. The most common olivine fabric is
A-type, which has a fast-axis orientation subparallel to the shear direction [12]. This fabric has been used
to explain convergence-parallel fast directions from surface-wave and P tomography in mid-ocean ridge
systems [8, 17]. However, this simple model fails for subduction zones where the fast direction varies with
respect to convergence direction and often shows trench-parallel fast directions [5, 10, 18-20]. In some
cases trench-parallel fast directions may be caused by anisotropy within or beneath the slab. For example,
in the Kamchatka fore arc, teleseismic SKS splitting is trench-parallel [21], but both receiver functions [22]
and shear-wave splitting from events in the slab [23] indicate a trench-normal fast axis with weak splitting.
This suggests a trench-normal fast axis in the fore arc mantle wedge and a trench-parallel fast axis beneath
the slab.
Several hypotheses have been proposed that use LPO to explain trench-parallel shear wave splitting in
subduction zones. These hypotheses include LPO controlled by 3-D flow effects [24], water-induced fab-
ric transitions [1, 25], and strain partitioning via melt networks [26]. The evidence for abundant water in
subduction zones [25] suggests that water-induced fabric transitions in olivine is a mechanism common to
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all subduction environments. However, the diversity of patterns of anisotropy in subduction zones makes it
difficult to ascribe a single mechanism and it is possible that a variety of mechanisms are at play.
Recent deformation experiments have explored the influence of variety of physico-chemical conditions
on olivine fabrics [1, 2]. Combined with a theory [27] and observations on naturally deformed peridotites
[13, 14, 16, 28, 29] we now have a better idea about the variation of olivine LPO with water content, stress,
and temperature. The A-type fabric, assumed in the previous interpretation of seismic anisotropy, is a dom-
inant fabric under low stress and low water content, whereas at higher water contents, other types of olivine
fabrics become important (B-, C- and E-types) (Figure 1). Particularly important is the B-type fabric with
which olivine [001] axis is subparallel to the flow direction and olivine (010) plane is subparallel to the flow
plane. For this type of LPO, olivine [100] axis is normal to the flow direction and consequently the direction
of polarization of the faster S-wave is normal to the flow direction. Other fabrics (A-, C- and E-type fabrics)
result in similar shear wave splitting: the direction of polarization of the faster S-wave is subparallel to the
flow direction. The recent studies mentioned above show that the B-type fabric is dominant over C-type
(or E- or A-type) fabric at relatively high stress and high temperatures. The boundary between B- and C-
fabrics is linear in temperature and stress [27, 29]. This linear boundary can be extrapolated from experi-
mental conditions to give a B-C transition temperature of 750-950°C at 10 MPa (Figure 2). We estimate the
distribution of B-type and other fabrics by predicting the distribution of temperature, stress, and strain rate
with numerical models. Regions with stress greater than 5 MPa, temperature less than 900 C, and strain
rate on the order of 10-14s- 1 are considered good candidates for B-type fabric.
Modeling Approach
The models presented in this paper implement a kinematic-dynamic method where the slab and overriding
lid are kinematicaly described and mantle wedge flow is dynamically modeled (Figure 3). Flow in the
mantle wedge is driven by a kinematic boundary condition at the top of the slab. This is similar to the
models described by [30-34]. We particularly follow the approach of [35].
The details of the wedge geometry are uncertain, in particular in regard to the position of the rigid
overriding plate and the position of the corner point in the wedge return flow. Most previous models have
assumed that the corner point is the down-dip limit of the seismogenic zone, but it is likely that non-seismic
slip and shear localization extend to further depth. Since we only model viscous deformation in the mantle
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wedge at very long geological time scales we cannot account self-consistently for the non-seismic slip
down-dip from the seismogenic zone. Furthermore, shear localization in the slab-wedge interface, which
could be due to the presence of weak minerals such as talc and serpentine [36-38], is not accounted for with
our olivine rheology. As discussed below, we make a simple approximation that non-viscous deformation
and shear localization can be accounted for by reducing the coupling of the slab to the overlying wedge at
shallow depths and allow a transition to full coupling at larger depths.
The finite element package SEPRAN is used for mesh generation and the numerical approximation
of solutions for governing equations (http://ta.twi.tudelft.nl/sepran/sepran.html). The systems of equations
generated by the finite element method are solved using a conjugate gradient iteration (Bi-CGSTAB) [39].
Flow in the mantle wedge is governed by the conservation of momentum for an incompressible infinite
Prandtl number fluid without buoyancy forces:
-VP + V()-E) = 0 (1)
where E is the strain rate tensor, q is effective viscosity, and P is dynamic pressure. The conservation of
mass for an incompressible fluid is expressed as
V-u = 0 (2)
where u is velocity. Eq. (1) and (2) are solved for pressure and velocity on a mesh composed of linear
Taylor-Hood triangles [40].
A stress-free inflow/outflow boundary condition for eq. (1) is present along the right hand boundary
below 40 km. Velocity boundary conditions for eq. (1) are prescribed along the top of the slab and at
the base of the conducting lid. The velocity boundary condition is reduced along the top of the slab from
the bottom of the conducting lid to around 70 km (Figure 3b). The magnitude of the boundary condition
is increased in a linear manner to slab velocity over 10 km. This is a simple way to parameterize the
effects of non-seismic slip and shear localization. There are three main modes of long time scale viscous
coupling in our models: (1) full viscous decoupling in the seismogenic zone, which simulates brittle stick-
slip deformation over long periods of time, (2) partial coupling in the fore arc mantle, which simulates shear
localization and non-seismic slip, and (3) full viscous coupling below a depth of 70 km. Viscous coupling
as defined in this paper should not be confused with short time scale seismic coupling.
The conservation of energy for steady-state conditions and negligible viscous dissipation takes the form
of the convection-diffusion equation with heat production:
pcp(u.V)T = Vo- (kVT) + Q + Qsh (3)
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where k is thermal conductivity, T is temperature, Q is radioactive heat production, Qh is shear heating, c
is specific heat, and p is density. Specific heat is 1250 J/kg/K and density is 3300 kg/n. Shear heating is
defined with a delta function:
Qsh = Q(Xinter face) (4)
where Q is the magnitude of shear heating, and Xinter face is the position of the seismogenic zone. The
seismogenic zone extends from the trench to the base of the conducting lid at 40 km and Q is 29 mW/ni.
Heat production is 1.3 pW/m3 from 0-15 km (upper crust) and 0.27 pW/m3 from 15-30 km (lower crust).
Streamline upwinding is used for the solution of eq. (3) due to the strong advective term.
Fixed-temperature boundary conditions for the convection-diffusion equation are present along the top
of the model (T=0), along the left inflow boundary (half-space cooling model), and along the right inflow
boundary. The fixed temperature boundary condition along the upper 95 km of the right inflow boundary is
described by a continental geotherm with crustal heat production as described above and surface heat flow
equal to 65 mW/m2 . A mantle potential temperature of 1450 °C is prescribed below 95 km to the depth of
the outflow boundary condition.
Eq. (1-3) are solved by the Picard iteration to relative accuracy of 10-6. Resolution varies from 0.25
to 1 km in the fore-arc, back-arc mantle, and above the slab (Figure 4) giving rise to viscosity gradients in
elements less than a factor of 3. High resolution is necessary for accurate calculation of u and T because of
large viscosity gradients in thermal boundary layers and the presence of a pressure singularity at the corner
point [35]. Slab dip is either 450 or defined by a polynomial fit to seismic data. Polynomial descriptions
have smooth variation in curvature and produce more accurate calculation of velocity for non-Newtonian
calculations.
Rheology
A general steady-state rheological law for olivine at high temperatures can be expressed as
i = A(djexp[ -(E PV)]an-1 ai (5)
where where Eij is the ij-th component of the strain rate tensor, air is the ij-th component of the deviatoric
stress tensor, a is the second invariant of the deviatoric stress tensor, b is the Burgers vector, d is grain size,
E is activation energy, P is pressure, V is activation volume, R is the gas constant, T is temperature, n is
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the stress exponent, m is the grain size exponent, and A is a constant [41]. The strain rate tensor is defined
as
. dui du j
Ei (- j + (6)
Second invariants of the stress and strain rate tensors are defined as
1
Q= 2 Zoj 0ij (7)
and
1
E=2 EijE (8)
respectively. Eq. (7) and (8) are used to define an effective viscosity
r = -- (9)
For dislocation creep m = 0 and n >1, which gives rise to a power-law rheology
Eij = A exp - 1+an~lai(10)[ RT
For computational purposes the effective viscosity for power-law rheology is defined in terms of E via the
inversion of equation 10
1 (E +PV) 1-n
?disloc = nAnexp - RT E-n-(11)
Newtonian diffusion creep has n = 1 and m >1 which gives the following expression for effective viscosity
Tdif f = A 1  exp [(F R V)] (12)
Effective viscosity at low temperature is given by an approximated Peierls rheology
. - . 1
t7pei = yE y yE (13)
where Ty is a yield stress, Ey is a yield strain, and my is a constant [42] (Table 1). All three creep mechanisms
occur in parallel which leads to the following effective composite viscosity
1 1 1 1
i = + + -- (14)
?7disloc 'Wli f f '77pei
The dislocation creep law is expressed in terms of parallel dry and wet mechanisms
=disloc,dry + 6 disloc,wet (15)
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where
( Edisloc,dry+ PVdisloc,dry) n
Edisloc,dry = Adisloc,dry exp ( r RT (16)
and
Cr (Edis±oc,wet + PVdisloc,wetn) n
Edisloc,wet = Adisloc,wet 0 H exp RT (7)
The concentration water in ppm H/Si is denoted by COH. Parameters for the dislocation creep law are for
a closed system [43] (Table 1). The creep laws for dry and saturated diffusion creep [44] (Table 1) are
combined into a law for conditions with variable water content [45]
/COH 
E = 6dif f,dry + (Edif f,sat - Ediff,dry)(H9max )(18)
COH
where
b m (Edif f,±ry + PVdif f,dry) 1
Ediff,dry = Adif f,dry dmexp ( f RT or(19)
and
Sb± m (Edif f,sat + PVdiff,sat) 1
Ediff,sat = Adiff,sat ()exp - f RT a (20)
Dislocation creep dominates deformation for grain sizes around 1 mm and typical mantle wedge tem-
perature and strain rate except in very cold low strain rate boundary layers. Grain sizes around 0.1 mm lead
to fairly large regions dominated by diffusion creep where strain rate is moderate.
Results
We test several cases with a simple slab geometry: (1) dry composite rheology with full viscous coupling
starting at a depth of 40 km, (2) case 1 with 1000 ppm H/Si, and (3) wet composite rheology with partial
coupling down to 70 km. Model parameters for each case can be found in table 2.
Case 1 gives rise to very high temperatures in the fore-arc mantle wedge (Figure 5). This is similar to
the results of [35, 46]. Temperature ranges from 1000-1250 C which would facilitate melting in the mantle
50-60 km from the trench [33]. High temperatures and non-Newtonian rheology produce a relatively low-
stress environment (< 3 MPa) throughout the entire mantle wedge. Temperature dependence of viscosity
gives rise to the entrainment of cold mantle-wedge material in the slab-wedge interface and the focusing of
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cornerflow into the corner point. Two low viscosity lobes develop in the core of the wedge where strain rate
is high.
A water content of 1000 ppm H/Si [47] is added to the mantle wedge in figure 6. This leads to a uniform
viscosity reduction of around an order of magnitude, an increase in strain rate, and a stress reduction of
around an order of magnitude. Stress is now less than 1 MPa for most of the mantle wedge. Increasing the
water content to 3000 ppm and localizing the distribution of water to a 30 km layer above the slab does not
modify the pattern of flow significantly. This is a consequence of the temperature dependence of viscosity
which causes cold boundary layers to remain rigid after the order of magnitude viscosity reduction induced
by water. The low stress and high temperature observed for case 2 would hinder the development of B-type
fabric.
The thermal structure of the fore-arc environment is modified considerably if the slab and mantle are
only partially coupled [48]. Partial viscous coupling limits the ability of the slab to entrain mantle in the
slab-wedge interface thus decreasing the extent to which hot material can be focused into the fore-arc man-
tle. Figure 7 is an example of wet composite rheology with partial coupling between the slab and mantle
down to 70 km. The depth at which the slab and mantle become fully coupled controls the height of penetra-
tion of the hot tongue of cornerflow, which is constrained to first order by the position of the volcanic front.
A large temperature gradient from the wedge core to fore-arc mantle (30-40C/km) causes a rapid transition
from conditions suitable for C-type fabric in the hot core of the mantle wedge to those more suitable for
B-type in the fore arc. This C-B transition occurs over 10-15 km. Colder temperatures in the fore-arc mantle
wedge give rise to larger stress (50-70 MPa). However, more realistic low-temperature rheological models
are necessary to model deviatoric stress accurately in the colder regions of the mantle wedge. If we reduce
the speed of subduction to around 5 cm/yr, a cold high-stress boundary layer develops in the slab-wedge
interface. Therefore conditions in this layer are also suitable for B-type fabric if subduction is sluggish.
Cases 4 and 5 use the geometry of the Honshu subduction system [35] (Figure 8, Table 2). The case with
full coupling starting at the base of the 40 km conducting lid gives rise to a very shallow 1200C tongue of
mantle 80 km trenchward of the volcanic arc. Case 5 has partial viscous coupling and the low-temperature,
high-stress nose observed in case 3. A comparison of surface heat flow for cases 4 and 5 shows that deep
partial coupling gives rise to a better match with observations (Figure 8c). The deep partial coupling case
also is more consistent with attenuation and velocity tomography both of which show a relatively cold fore-
arc mantle [3, 49-51]. Furthermore, the deep transition from partial to full coupling and olivine rheology
produces a localized region with large temperature gradients (80 0C/km) along the slab-wedge interface
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which corresponds to a maximum in intermediate depth seismic activity beneath Honshu [50].
Discussion
The thermal models presented in this work show that the thermal structure of the fore-arc mantle depends
strongly on the depth of full viscous coupling between the slab and mantle. This coupling transition is con-
strained by the position of the volcanic front below which hot mantle must be transported by wedge flow
[33]. The height of the transition is constrained by heat flow data [31], which unfortunately is sparse for
most arcs, and the lack of fore-arc magmatism. Cases with partial viscous coupling down to 70 km better
match attenuation and heat flow. Partial viscous coupling in the slab-mantle interface may be caused by the
presence of low-temperature phyllosilicates such as talc and serpentine [36-38]. Both serpentine and talc
are weak minerals and could cause shear localization in the slab-wedge interface. The abundance of low
density serpentine may also facilitate viscous decoupling in the fore arc. In this scenario a serpentinized
fore-arc mantle is isolated from large scale convective flow due to its positive buoyancy. Slow coseismic
slip below the seismogenic zone associated with large subduction zone earthquakes [52, 53] could also give
rise to decreased viscous decoupling between the slab and mantle. As discussed above, we simulate the
effect of partial coupling by modifying the kinematic boundary condition at the top of the slab. Further
work in mineral physics and geodynamic modeling is needed to better understand the physical properties
and behavior of materials in the cold fore-arc mantle.
Models with deep partial coupling predict suitable thermal and stress conditions for B-type fabric in
the fore-arc mantle. The core of the wedge is dominated by high-temperature, low-stress conditions that
are more suitable for C-type, E-type or A-type fabric depending on water content. A cold, 10-15 km thick,
high-stress thermal boundary layer above the slab is also a candidate for B-type fabric if subduction rate is
less than 5 cm/yr.
For the partially coupled case, the position of the volcanic front is predicted to mark the transition from
A, C, or E-type to B-type fabric (Figure 9). Two end-member patterns of subduction zone anisotropy are
expected from our predictions of the distribution of B-type fabric. If deformation is dominated by 2-D cou-
pling between the slab and mantle, the fast direction in the fore-arc mantle would be trench-parallel while
trench-perpendicular fast directions would be observed in the arc and back arc (Figure 9a). A significant
component of trench-parallel flow would produce the opposite pattern assuming that slab-wedge coupling
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still dominates the overall pattern of flow (Figure 9b).
Shear wave splitting results from Northern Honshu [3, 54] and the Central Andes [4, 19] show the
general pattern of Figure 9a where 2-D cornerflow gives rise to trench-normal flow. Anisotropy in Northern
Honshu shows an abrupt transition from trench-parallel fast directions in the fore arc to trench-perpendicular
in the arc and back arc [3]. A similar abrupt transition is observed in S wave tomography where fast velocity
in the fore arc rapidly changes to slow velocity in the arc and back-arc mantle [3, 50]. Honshu thermal
models consistent with these seismic observation have partial viscous coupling down to 70 km and predict
that B-type fabric is stable in the fore-arc environment (Figure 8b). This picture is consistent with the B-type
fabric model for mantle wedge anisotropy that requires a cold fore-arc mantle and hot arc and back-arc man-
tle. Anisotropy in the Central Andes shows similar pattern to Honshu where trench-parallel fast directions
occur close to the trench and trench-normal fast directions are observed in the back arc [4, 19]. Our models
suggest that the region in the Central Andes with trench-parallel fast directions could be dominated by cold
temperatures and high stress. We predict that B-type may play an important role here as well.
Shear wave splitting from sections of the Kamchatka [23] and Central Alaska subduction systems [55]
are similar to the pattern shown in Figure 9b. These subduction zones are also candidates for the B-type
fabric hypothesis if a significant component of trench-parallel flow is present.
Several subduction systems show trench-parallel shear wave splitting in the arc and back-arc mantle
where we predict high-temperature and low-stress conditions that are not suitable for B-type fabric. These
systems include Tonga [20], Eastern Aleutians [10], and Central Honshu [18]. Our models predict that a
more probable cause for trench-parallel anisotropy in these subduction systems is trench-parallel flow with
A or E-type fabric. Trench-parallel anisotropy in the are mantle could also be caused by parallel melt filled
cracks as proposed by [18]
Conclusions
We produce steady-state subduction zone models with deep partial viscous coupling that are consistent
with attenuation and velocity tomography and heat flow. These models predict that temperature and stress
in fore-arc mantle and slab-wedge interface are suitable for B-type fabric. The core of the mantle wedge
is characterized by high temperatures and low stress conditions more suitable for A, C, or E-type fabrics
depending on water content. The B-type fabric anisotropy hypothesis adequately predicts the pattern of
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anisotropy in Northern Honshu and Central Andes. If a significant component of trench-parallel flow is
present and the large scale flow pattern is still dominated by slab-mantle coupling than B-type fabric could
also explain anisotropy in parts of the Kamchatka and Alaska subduction systems.
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Figure1: Fabric maps of olivine for high-temperature (1470 K), high-stress experiments (left) (Jung and
Karato, 2001). Spherical projections of a, b, and c axes are shown on the right. Shear direction is denoted
with black arrows. The B-type fabric is observed at high-stress, relatively water-rich conditions and has an
a-axis (fast axis) orientation that is sub-normal to the shear direction.
Figure2: Fabric map in temperature-stress space. Dotted and colored lines denote constant strain rate for
power-law creep and Peierls creep. The thick black dashed line shows an extrapolation from experimental
conditions to conditions of the mantle wedge. B-type fabric dominates to the left of this line while C-type
fabric dominates temperature-stress space to the right. The transition temperature at mantle wedge stress
(0.1-20 MPa) is predicted to be around 750-950°C.
Figure 3: Diagram showing the kinematic-dynamic setup and implemented features (a). Partial viscous
coupling is simulated by modifying boundary conditions along the top of the slab (b).
Figure 4: Model domain and discretization.
Figure 5: Steady-state calculations for temperature (a), strain rate (b), viscosity (c), and stress (d) for case 1.
Figure 6: Steady-state calculations for temperature (a), strain rate (b), viscosity (c), and stress (d) for case 2.
Figure 7: Steady-state calculations for temperature (a), strain rate (b), viscosity (c), and stress (d) for case 3.
Figure 8: Thermal models of Honshu, Japan for full viscous coupling at the base of a 40 km conduct-
ing lid (a) and 70 km partial viscous coupling (b). Dashed lines show the location of the top of the slab and
base of the conducting lid. The volcanic front in denoted with a black triangle. Heat flow calculations (c)
show a better match to observations, which are denoted with dashed boxes (data from Furukawa and Uyeda,
1989).
Figure 9: B-type fabric models for mantle wedge anisotropy. The transition from B-type conditions to
conditions more suitable for C-type and other fabrics is denoted with the dashed line parallel to the trench.
This figure shows end-member models for pure trench-normal flow (a) and slab-induced flow with a com-
16
ponent of trench-parallel flow (b). Partial coupling is denoted with a dashed line along the slab.
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Table 1: Rheological Parameters
Adisloc,dry
Edisloc,dry
V disloc,dry
Adisloc,wet
Edisloc,wet
V disloc,wet
Adi ff,dry
Edi ff,dry
V di f fdry
Adi f fsat
Edi ff,sat
V di f fsat
r
q
b
d
m
Ty
fly
1.259 x 10-12 s1 Pa-3
5.1 x 105 J /mol
14 x 10-6 m31/mo1
3.631 x 10-18 s- Pa-3
4.1 x 105J /mol
li x 10-6 m31/mo1
1.088 x 10 5 s- Pa-1
3.0Ox 10 5 J/ mol
6 x 10-6 m 3 /mol
6.625 x 10 4 s- Pa-1
2.4 x 105 J /mol
5 x 10-6 m 3 /mol
3.0
1.2
1.2
0.5 x 10-9 m
1 mm
2.5
100 MPa
10-14 s-1
5
5000 ppm H/Si
i
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Table 2: Model Parameters
parameter case 1 case 2 case 3 case 4 case 5
velocity (cm / yr) 8 8 8 9.1 9.1
age of lithosphere (Ma) 50 50 50 130 130
crustal conductivity (W/m/K) 3.1 3.1 3.1 2.5 2.5
mantle conductivity (W/m/K) 3.1 3.1 3.1 3.1 3.1
water content (ppm H/Si) 0 1000 1000 1000 1000
slab geometry 450 450 450 polynomial polynomial
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